Urban stormwater from simulated rainfall on three different landuses in Queensland State Australia (residential, industrial, commercial) were analysed for heavy metals and physico-chemical parameters such as Dissolved Organic Carbon (DOC) and Total Suspended Solids (TSS). Rainfall events were simulated using a specially designed rainfall simulator for paved surfaces. Event mean concentration samples were separated into five different particle sizes and analysed individually for eight metal elements (Zn, Fe, Cr, Cd, Cu, Al, Mn and Pb). Multivariate data analysis was carried out for the data thus generated. It was found that DOC and TSS influence the distribution of the metals in the different particle size classes. Zn was correlated with DOC at all three sites. Similarly, Pb, Fe and Al were correlated with TSS at all sites.
INTRODUCTION
Stormwater runoff from urban areas contains significant loads of inorganic elements, particularly heavy metals (Davis et al., 2001 ). The presence of heavy metals in solution in urban runoff is of concern as they are most toxic due to enhanced bioavailability and potential to not degrade in the environment. Many heavy metals, especially Pb and Zn, have been recognized as traffic-related pollutants (Dong et al., 1984 ; Wilber and Hunter, 1979; Sansalone and Buchberger, 1997). However, specific sources of heavy metals in an urban area also include corrosion of buildings and their fittings, atmospheric deposition, transport and various industrial activities and intentional and accidental spills (Christensen and Guinn, 1979; Davis et al., 2001 ).
Sources of heavy metals and their contribution to urban stormwater runoff is
significantly dependant on the land use.
Furthermore, parameters such as dissolved organic carbon and pH can significantly enhance desorption of heavy metals from suspended solids. Tai (1991) noted that the ratio of trace metals released into the dissolved phase at pH 6 against pH 8.1 is about 180 for Zn, 45 for Pb and 25 for Fe. Similarly, dissolved organic carbon plays a major role in partitioning of metals between soluble and particulate fractions in stormwater (Hamilton et al., 1984) . Consequently, interaction between dissolved organic carbon and heavy metals can result in complexation processes that concentrate the metals in the dissolved phase. The partitioning of heavy metals into different particle size classes in terms of their adsorption to particulates has major implications for urban water quality management. Current approaches adopted to mitigate the impacts of urban runoff on receiving waters include the use of structural and/or regulatory measures such as detention basins, gross pollutant traps and restrictive zoning.
However, for these measures to be effective, an in-depth understanding of the processes involved in urban runoff is essential. Therefore it is imperative to understand the relationships between heavy metals and important parameters such as particle size, pH and organic carbon content.
Most of the heavy metals in urban stormwater runoff are attached to suspended solids (Bodo, 1989; Dong et al., 1984) . Furthermore, metal concentrations generally increase with decreasing particle size (Liebens, 2001 ; Ujevic et al., 2000) . This is due to the relatively large surface area of fine sediments and their higher Cation Exchange Capacity (Dong et al., 1984) . Since most metals have a greater affinity for smaller particle sizes, conventional pollutant abatement programs such as street sweeping which only pick up large particles have little effect in reducing toxic runoff levels, as fine suspended solids are readily transported in stormwater. In addition to the relationship between suspended solids and metals, parameters such as rainfall intensity and rainfall volume have been noted as important factors in influencing the export of heavy metals from an urban area (Sonzogni et al., 1980) . Despite the strong affinity between heavy metals and suspended solids, the evaluation of the dissolved fraction of the heavy metal load is important as an indicator of bioavailability.
In this paper, multivariate statistical methods and rainfall simulation have been used to correlate heavy metal distribution among different suspended solids particle sizes in wash-off samples with a number of physico-chemical parameters such as pH and dissolved organic carbon. The suspended solids in the wash-off samples were separated into five different particle size classes in order to investigate the processes governing the affinity of heavy metals to different particle sizes. The use of an artificial rainfall simulator helps to eliminate significant constraints such as dependency on natural rainfall experienced by researchers undertaking rigorous research into urban stormwater quality. Additionally, the random nature of occurrence and characteristics of natural rainfall introduces further variables into a research arena where so little of the inherent processes are known. A specially designed rainfall simulator was used to generate artificial rainfall and to obtain pollutant wash-off samples from paved areas in three landuses. The wash-off samples collected from the paved areas were tested for a suite of heavy metals species (Zn, Pb, Cu, Cd, Cr, Fe, Al, Mn) considered common to urban areas. Due to the limitations in univariate statistical methods, multivariate analytical methods were employed to analyse the large database generated and to investigate the affinity between heavy metals and suspended solids particle sizes and relationships with a number of physico-chemical parameters.
MATERIALS AND METHODS

Study area
The research sites were located in the Gold Coast region just south of the Queensland State capital, Brisbane, Australia. Gold Coast region is a popular holiday destination and has one of the highest population growth rates in the country. It has a subtropical climate with wet summers and dry winters.
Research site 1 was an access road (Millswyn Crescent) located in a typical suburban residential area (Residential A) with detached family houses with small gardens. The site was chosen due to its typical suburban characteristics. The road system is primarily used by the residents for access, which was reflected in the intact street surface. An early investigation of the households suggested that various chemicals were used as fertilizers or for other uses and therefore could be incorporated into the wash-off from the area. It was also found that street sweepers operate in the area every six weeks, which may influence the availability of pollutants on the road surface at certain times.
Research site 2 (Stevens Street) was located in a light industrial area. The site was chosen because of the diversity of industries located along the road. Industries at the site include a sheet metal works, a boat painter and a furniture manufacturer.
Compared to the residential site, the street surface was significantly degraded.
Research site 3 was a parking lot in a suburban shopping centre in the Gold Coast area. The shopping centre has 570 parking spaces and is considered to be one of the busiest in the region with 45 specialty retailers in the complex. The condition of the parking lot was found to be fair but with a coarse texture. The coarse texture suggested that large numbers of particles could be embedded within the voids.
Rainfall simulation
A specially designed rainfall simulator was used to simulate rainfall events typical for South-East Queensland, Australia. The rainfall simulator consisted of an A-frame structure with three Veejet 80100 nozzles equally spaced on a rotating nozzle boom. Prior to any analysis, the collected wash-off samples were mixed in equal proportions.
The pollutant concentrations in the mixed sample were as considered as representing the Event Mean Concentrations of pollutants for that specific rainfall event. Wellmixed portions of the EMC-samples were prepared according to Australian/New Zealand Standard (AS/NZS, 1998) and were then refrigerated until further analysis as discussed in detail in Section 2.5 below. Investigated rainfall intensities and durations are shown in Table 1 . Due to insufficient water supply at the residential site, three events (65mm/hr, 20min. duration, 65mm/hr, 35min. duration and 65mm/hr, 65min. duration) could not be simulated. The simulation of one event (115mm/hr, 25 min. duration) failed at the industrial site. All the intensities and durations were successfully simulated at the commercial site.
Development of a rainfall quality profile
The rainfall quality profile for the study region was derived to ensure that similar chemical characteristics to natural rainfall were used in the rainfall simulations. Rain water samples were collected during a number of natural rainfall events in different locations around the study area and were tested for pH, Electrical Conductivity (EC) and Dissolved Organic Carbon (DOC). Mean values obtained were 6.40, 51.71 μS/cm and 8.81 mg/L for pH, EC and DOC respectively. These parameters were selected because of their ability to significantly influence the partitioning of heavy metals between dissolved and particulate fractions as discussed above. De-ionized water was spiked with sulphuric acid (for pH), common salt (for EC) and methanol (for DOC) to obtain the required chemical quality.
Experimental Design and Sample Collection
Four different runoff plots were selected at each site as replicates. They were all equally spaced from the median strip to the kerb at the industrial and residential site.
At the commercial site, four parking spaces were chosen as runoff plots. The runoff plot at the commercial site was situated in the exact middle of the parking spaces. The spacing between each runoff plot was kept as small as possible without any interference occurring between the plots. Hence, the amount of pollutants on the surface was assumed to be the same at each individual plot at each site. Although past research has shown that a large fraction of the sediments is located near the kerb (Sartor and Boyd, 1972) , the distribution pattern of heavy metals in different particle sizes was assumed to be the same throughout the width of the study surface. Hence the fractioning of heavy metals into different particle size classes was considered independent of the sediment mass collected.
A collecting trough was attached to the runoff plot. The trough was fabricated so that approximately 30L of runoff could be detained at any time during the events.
However, runoff was collected continuously throughout the events to ensure no water would spill over the trough.
Laboratory analysis
Prior to any chemical analysis, the particle size distribution of the wash-off samples was determined using a Malvern Mastersizer Particle Size Analyzer. The Malvern Mastersizer uses a laser beam to record the scatter pattern from a field of particles and then an analytical procedure to determine the size of particles that created the scatter pattern. Based on the particle size distribution, the samples were separated into the following five size classes: >300μm (corresponds well to sands), 151-300μm (fine sands), 76-150μm (very fine sands and silt), 0.45-75μm (silt and clay). The smallest size class (<0.45μm) was defined as the dissolved fraction of the runoff samples and fractionated according to standard method 2540D (Eaton et al., 1999) . Wet sieving was used to separate the particles into the different size classes chosen. The different size classes was then individually analysed for the water quality parameters listed in Table 2 .
Heavy metal analysis
Each particle size class and the filtrate were analysed for eight metal species (Zn, Al, Fe, Mn, Cu, Cd, Cr, Pb) commonly found in urban areas (Makepeace et al., 1995) .
Particulate samples were digested for heavy metal analysis using a nitric acid digestion procedure as described by Eaton et al. (1999) . The filtrate sample was preserved using 1mL of nitric acid and analysed as a water sample.
The particulate extracts and the water sample were analysed using Inductively 
Data analysis
Chemometric multivariate approaches were used to analyse the data. These techniques are useful where large volumes of data can be processed in order to explore and understand relationships between variables (Kokot et al, 1998) . In this work, GAIA was used with the aid of DecisionLab software (Visual Decision Inc., 1999). GAIA is a visualisation method which is a principal component biplot obtained from the data matrix. Detailed information on how to use GAIA has been well documented elsewhere (Khalil et al., 2004) .
GAIA was used to evaluate the heavy metals in each particle size at each site. The parameters outlined in Table 2 were also included in the GAIA analysis to evaluate any correlations between heavy metals and the parameters chosen. The samples from the different sites were initially evaluated individually and were later compared to identify similar pollutant behaviour between the sites.
Results
Particle size analysis revealed that the majority of sediments collected at each site were below 76μm, independent of the landuse, rainfall intensity and duration, as shown in Figure 1 . As can also be seen in Figure 1 In order to assess relationships between heavy metals and physico-chemical parameters, Principal Component Analysis (PCA) was used. GAIA was used as a visualisation tool for correlations between physico-chemical parameters and heavy metals. GAIA also revealed correlations between the heavy metals themselves and in which particle size and site they dominate. In the PCA-analysis, all the parameters were given the same weighting and preference function. The preference function was set to V-shape, which meant that a preference threshold P, representing the smallest deviation considered decisive was used in processing the data. P was set to the maximum concentration of each variable. Concentrations below the detection limit were set to half the detection limit value of the specific parameter (Guo et al., 2004 ).
The concentration range of each parameter at the sites is shown in Table 3 .
The GAIA analysis consisted of a number of steps. Firstly, the wash-off samples were divided into categories based on rainfall intensity and duration of the event as shown in Table 4 below. Secondly, each particle size range was given a short name as outlined in Table 4 . An increasing number in the categories mirrored a decrease in particle size. For example, the wash-off sample in category 2 given number 6 corresponded to the largest particle size class (>300μm) while number 10 corresponded to the smallest particle size class (<0.45μm). The samples from each site were then analysed individually. The initial analysis was on the water quality data from the residential site (45 samples x 15 parameters). In Figure 3 , the particle size classes are added to the GAIA visualisation. It can now be seen that three major particle size clusters occur with particles larger than 300μm, particles smaller than 0.45μm and particles between 0.45 and 150μm. Al, Fe, Pb and Mn are correlated with particles between 0.45 and 150μm. This is of serious concern since the particle size distribution analysis showed that the majority of particles in urban stormwater are between 0.45 and 150μm. Since most of the metals are correlated with smaller particle sizes, conventional cleaning programs would have little or no effect in reducing toxic runoff levels and fine suspended solids are readily transported in urban stormwater.
The correlation between Zn, Cu and DOC can have a significant impact on urban stormwater quality. This is of concern since DOC has been found to act as a solubility enhancer for heavy metals (Warren et al., 2003) .
The industrial site (55x15) shows similar relationships between parameters. As can be seen in Figure 4 , Zn is once again correlated with DOC. However, Cu shows a completely different behaviour at the industrial site and is highly correlated with TSS.
A possible reason for this could be the release of Cu, which is bound to particulates from industrial emissions. Whilst this might be the main source of Cu at the industrial site, the major source of Cu at the residential site could be fungicides and pesticides which are commonly used in residential areas (Makepeace et al., 1995) . However, the partitioning of Cu has been found to vary significantly. For example, Shinya et al. Figure 7 , the distribution of heavy metals in particle sizes above 0.45μm is more random at the commercial site than at the residential and industrial site, forming only one cluster. This could be due to the increased frequency of street cleaning at the commercial site. Furthermore, frequent vehicle traffic would also disperse fine particulates leaving a higher fraction of coarser particles on the road surface compared to the residential and industrial site.
The relatively coarse texture of the road surface could also influence the distribution of heavy metals at the commercial site, indicating that heavy metals irreversibly bound to particles originating from vehicles or surface wear could be bound to larger particle sizes. Similarly, road surface wear at the commercial site would be higher compared to the other two sites due to the amount of cars stopping and starting at the parking lot. Similar to both the residential and industrial sites, pH and EC has no significant correlation with heavy metals at the commercial site.
Discussion
Even though pH and EC was found to have none or little impact on the distribution of heavy metals, the importance of these parameters should not be underestimated. The variance of these parameters in this research was low since water used for simulations was prepared with a standard pH and EC. EC and pH in natural rainfall could vary between the sites due to atmospheric pollution. Hence, the relationships between heavy metals and parameters such as rainfall pH and EC could also have a significant influence on urban stormwater quality at specific sites. 
Conclusions
An investigation was made in order to determine the importance of physico-chemical parameters in mitigating the effects urban stormwater impose on the environment. A rainfall simulator was successfully used to simulate a number of rainfall events for collecting runoff samples from three different landuse sites. It was found that the major fraction of particulates transported in urban stormwater was in the size class 0.45-75μm which was independent of the site characteristics. Five different size classes were analysed for a range of parameters including eight heavy metal species. Table 4 Description of the objects used in GAIA analysis and their associated short name (Increasing number in each category responds to a decrease in particle size range) 
Category
